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Introduction
Based on the quark-meson coupling (QMC) model [1] , we have recently initiated a systematic study of charmed and bottom hadrons in nuclear matter [2] . The results imply that the formations of B − -meson nuclear (atomic) bound states, and Λ + c and Λ b hypernuclei are quite likely. The formations of Λ + c and/or Λ b hypernuclei were first predicted in mid-1970s by Tyapkin [3] , and Dover and Kahana [4] . Later on theoretical studies [5, 6] as well as possibility of experimental observation [7] were made. Further, we have studied [8] In this article we present the results for the Σ c and Ξ c hypernuclei, as well as some of the Λ + c and Λ b hypernuclei studied recently [8] . This is an extension of the studies made for the strange hypernuclei [9] , and a completion of our systematic study of charmed and bottom hypernuclei [2, 8] in the QMC model. The extension is straightforward, since the heavy baryons (as well as nucleon) are classified by the naive constituent quark model, and QMC can treat them on the same quark-based footing.
One of the other important issues in this study is a role of the u and d light quarks in nuclear medium, in the charmed or bottom baryons containing u and/or d quarks. This concerns the partial restoration of chiral symmetry in nuclear medium for heavy baryons.
Concerning the experimental possibilities, the approved construction of the Japan Hadron Facility (JHF) with a beam energy of 50 GeV, will produce charmed hadrons profusely and bottom hadrons in lesser numbers, but still with an intensity which is comparable to the present hyperon production rates. Although the study of possible existence of charmed and bottom hypernuclei may be in its infancy at present, it is clear that conditions for the experiments to search for such heavy baryon hypernuclei are now becoming realistic, and would be realized at JHF [10] . Thus, it is still meaningful to consider such heavy baryon hypernuclei at this stage for the future experimental studies.
The QMC model (QMC-I), which is used in this study, has been successfully applied to many problems of nuclear physics, such as finite nuclei [11, 12] , strange hypernuclei [9] , nuclear matter [13] , and other problems including hadronic properties in nuclear medium [14, 15, 16, 17, 18, 19, 20] . (See also Refs. [21, 22] for earlier, different versions of QMC, and Ref. [23] for related work.) For example, the model was applied to the study of meson nuclear bound states [15, 16] , J/Ψ dissociation in nuclear matter [18] , D and D production in antiprotonnucleus collisions [19] , and kaon properties in nuclear matter and kaon production in heavy ion collisions [20] . Furthermore, although only some limited studies for heavy mesons (not for heavy baryons) with charm in nuclear matter were made by the QCD sum rules (for J/Ψ [24, 25] and D(D) [26] ), a study for heavy baryons containing charm or bottom quarks was made only recently [2] using the QMC model. Furthermore, recent measurements of polarization transfer in the 4 He( e, e ′ p) 3 H and 16 O( e, e ′ p) 15 N reactions performed at MAMI and Jefferson Lab [27] , support the medium modification of the proton electromagnetic form factors predicted by the QMC model [17] .
There is also another version of the QMC model (QMC-II), where masses of the meson fields are also subject to the medium modification in a self-consistent manner [28] . However, for a proper parameter set (set B) the typical results obtained in QMC-II are very similar to those of QMC-I. The difference is ∼ 16 % for the largest case, but typically ∼ 10 % or less. (For the effective masses of the hyperons, the differences between the two versions of QMC turn out to be less than ∼ 8 %. See also Fig. 2 in Ref. [15] for the differences in the scalar potentials for the η and ω mesons in 208 Pb nucleus.) Since we use QMC-I, the differences in these numbers may be regarded as uncertainties in the model. Certainly, the model has shortcomings that have to be improved eventually. Difficulties to handle the model will increase rapidly in handling the Hartree-Fock approximation even for nuclear matter [29] , and further to include the Pauli blocking effect at the quark level. In addition, the ΣN − ΛN channel coupling effect has not been implemented yet in a consistent manner with the underlying quark degrees of freedom [9] . (It should be mentioned that in the case of larger mass number Σ hypernuclei, no narrow states have been observed experimentally, although 4 Σ He was confirmed [31] . It is unlikely to find such states in the present situation [31] . This fact may be attributed to the ΣN − ΛN channel coupling effect which simply does not occur for two nucleons in the core nucleus.) Furthermore, an application to double hypernuclei has not been attempted, although recently the existence was confirmed for small baryon number nuclei [32] . (As an attempt to improve the model, the effect of short-range quark-quark correlations associated with the nucleon overlap was studied in Ref. [30] . With the addition of the correlations, the saturation curve for symmetric nuclear matter was greatly improved at high density.) Despite the shortcomings of the model described above, there are some positive aspects of this model, its simplicity and successful applicability, that we feel confident that the QMC model will provide us with a valuable glimpse into the properties of charmed and bottom hypernuclei.
In the QMC model, the interactions between nucleons are mediated by the exchange of scalar (σ) and vector (ω and ρ) fields self-consistently coupled directly to the quarks within those nucleons, but not to the nucleons as in Quantum Hadrodynamics (QHD) [33] . Thus, it can be systematically applied to study the properties of any hadrons in nuclear medium [2, 14] (if they contain u and/or d light quarks). We make use of this advantage of the QMC model, and study the charmed and bottom hypernuclei. We hope that the present study inspires some interest to measure the properties of heavy baryons in nuclear medium, at facilities like JHF, particularly at RHIC (high energy relativistic heavy ion facilities), and in very high energy experiments at CERN and Fermilab.
The organization of this article is as follows. In Section 2, the relativistic formulation of the charmed and bottom hypernuclear system in the QMC model will be explained briefly. A mean-field Lagrangian density and equations of motion will be given in Section 2.1, while charmed and bottom hadrons in nuclear matter will be discussed in Section 2.2. In Section 3, the effects necessary for a realistic calculation for the charmed (bottom) hypernuclei will be described. Spin-orbit potential, and the effect of the Pauli blocking at the quark level will be explained in Sections 3.1 and 3.2, respectively. In addition, Σ c,b N − Λ c,b N channel coupling effect will be explained in Section 3.2. The results for the charmed and bottom hypernuclei will be presented in Section 4, and finally Section 5 will be devoted to summary and discussion.
Charmed and bottom hypernuclei in the QMC model
In this Section, we briefly explain the mean-field equations of motion for a charmed or bottom hypernuclear system, and review some properties of the charmed and bottom baryons in nuclear matter.
Mean-field equations of motion
We consider static, approximately spherically symmetric charmed and bottom hypernuclei, i.e., closed shell nuclear core plus one charmed or one bottom baryon (heavy baryon) configuration, ignoring non-spherical effects due to the embedded heavy baryon. The existence of the heavy baryon inside or outside of the nuclear core (in particular, Λ b which interacts relatively strong with core nucleons) breaks spherical symmetry, and one should include this effect in a truly rigorous treatment. We have neglected this effect, since it is not expected to be so important for spectroscopic calculations [34, 35] for the middle and/or large baryon number charmed hypernuclei (but may not be true for Λ b hypernuclei), and beyond the scope of present study. However, we include the response of the nuclear core arising from the self-consistent calculation, which is a purely relativistic effect [35, 36] . Thus, we always specify the state of the heavy baryon in which the calculation is performed, because the core nucleus response is different due to the self-consistent calculation. (This self-consistent procedure will be applied also when the effective Pauli blocking and/or Σ c,b − Λ c,b are introduced later.)
We adopt the Hartree, mean-field, approximation. In this approximation the ρNN tensor coupling contributes to a spin-orbit force for a nucleon bound in a static spherical nucleus, although in Hartree-Fock it also contributes a central force [11, 12] . (Furthermore, it gives no contribution for nuclear matter since the meson fields are independent of position and time.) Thus, we ignore the ρNN tensor coupling in this study as in Ref. [9] .
A relativistic Lagrangian density for a charmed or a bottom hypernucleus in the QMC model may be given by [9] :
where ψ N ( r) (ψ C ( r)) and b( r) are respectively the nucleon (charmed or bottom baryon) and the ρ meson (the time component in the third direction of isospin) fields, while m σ , m ω and m ρ are the masses of the σ, ω and ρ meson fields. g ω and g ρ are the ω-N and ρ-N coupling constants which are respectively related to (u, d)-quark-ω, g [11, 12] . Note that these meson fields, σ, ω and ρ, represent the quantum numbers and Lorentz structure which mediate the interactions among the nucleons in nuclear medium as in original QHD [33] , corresponding, σ ↔ φ 0 , ω ↔ V 0 and b ↔ b 0 , and they may not be directly connected with the physical particles, nor quark model states. Their masses in nuclear medium do not vary in the present treatment of QMC-I. Hereafter we will use notations for the quark flavors, q ≡ u, d and Q ≡ s, c, b.
In an approximation where the σ, ω and ρ fields couple only to the u and d quarks, the coupling constants for the heavy baryon are obtained as g 
where M N (M C ) is the free nucleon (heavy baryon) mass. Note that the dependence of these coupling strengths on the applied scalar field must be calculated self-consistently within the quark model [9, 11, 12] . Hence, unlike QHD [33] , even though g C σ (σ)/g σ (σ) may be 2/3 or 1/3 depending on the number of light quarks in the heavy baryon in free space, σ = 0, (but only when their bag radii in free space are exactly the same), this will not necessarily be the case in nuclear matter. Explicit expressions for g C σ (σ) and g σ (σ) will be given later in Eq. (14) . From the Lagrangian density Eq. (1), a set of equations of motion for the heavy baryon hypernuclear system is obtained:
and ρ p ( r) are the scalar, baryon, third component of isovector, and proton densities at the position r in the heavy baryon hypernucleus [9, 11, 12] . On the right hand side of Eq. (6)
, are a new, and characteristic feature of QMC beyond QHD [33, 38, 39, 40] . The effective mass for the heavy baryon C is defined by
with the MIT bag model quantities, and the mass stability condition to be satisfied in obtaining the in-medium bag radius [1, 9, 11, 12] :
Quantities for the nucleon are similarly obtained by replacing the indices, C → N, in Eqs. (10) - (15) . Approximating the constant, mean meson fields within the bag neglecting the Coulomb force, the wave functions, ψ f (x)(f = u, d, s, c, b), satisfy the Dirac equations for the quarks in the baryon bag centered at a position r of the nucleus, (| x − r| ≤ bag radius [15, 16, 20] ):
where, q = u or d, and Q = s, c or b. The constant, mean-field potentials within the bag are defined by 
where, Ω * q and Ω * Q are given in Eq. (13). In the expressions of the MIT bag quantities Eqs. (11) and (13) and also some quantities calculated at normal nuclear mater density ρ B = 0.15f m −3 , are listed in Table 1 , together with the free space masses [37] . (Nuclear mater limit will be discussed in Section 2.2.)
At the hadronic level, the entire information on the quark dynamics is condensed into the effective couplings C N,C (σ) of Eq. (6). Furthermore, when C N,C (σ) = 1, which corresponds to a structureless nucleon or a heavy baryon, the equations of motion given by Eqs. (4) - (9) can be identified with those derived from QHD [38, 39, 40] , except for the terms arising from the tensor coupling and the non-linear scalar and/or vector field interactions introduced beyond the naive QHD.
The explicit expressions for coupled differential equations to obtain various fields and baryon wave functions to describe a heavy baryon hypernuclear system, for the spherically symmetric nucleus plus one heavy baryon configuration can be obtained by replacing the corresponding indices from hyperon to heavy baryon (Y → C) in Ref. [9] .
Nuclear matter limit
Here, we consider a limit of nuclear matter and discuss briefly properties of heavy baryons in the nuclear medium. In this limit all meson fields become constant, and we denote the mean-values Table 1 : The bag parameters, the baryon masses and the bag radii in free space [at normal nuclear matter density, ρ B = 0.15f of the ω and σ fields by ω and σ, respectively. Then, equations for the ω and self-consistency condition for the σ are given by [1, 11, 12, 13 ]
where g σ = 3g (16) . This self-consistency equation for the σ is the same as that in QHD, except that in the latter one has C N (σ) = 1 [33] . Using the mean field value σ, the corresponding quantity for the heavy baryon C, C C (σ), can be also calculated using Eqs. (10) - (17) neglecting the effect of a single heavy baryon on the mean field value σ, in infinite nuclear matter.
It has been found that the function
can be parametrized as a linear form in the σ field, g σ σ, for practical calculations [9, 11, 12] :
The values obtained for a j are listed in Table 2 . This parameterization works very well up to about three times of normal nuclear matter density ρ B ≃ 3ρ 0 (ρ 0 ≃ 0.15 fm −3 ). Then, the effective masses for the baryon, j, in nuclear matter are well approximated by [9, 11, 12] 
with n q being the number of light quarks in the baryon j. For the field strength g σ σ versus baryon density, one can find in Ref. [11] . Next, we discuss briefly the scalar and vector potentials of charmed and bottom baryons in nuclear matter [2] . The scalar (V 
matter are given by
where I j 3 is the third component of isospin projection of the baryon j. Thus, the vector potential for a heavy baryon with charm or bottom quark(s), is equal to that of the hyperon with the same light quark number in the QMC model. Calculated results for the scalar potentials for the baryons in symmetric nuclear matter are shown in Fig. 1 . From the results it is confirmed that the scalar potential for the baryon j, V j s , follows a simple light quark number counting rule:
where n q is the number of light quarks in the baryon j, and V N s is the scalar potential for the nucleon. (See Eq. (23) .) It is interesting to note that, the baryons with charm and bottom quarks (Ξ c is a quark flavor configuration, qsc), show features very similar to those of the corresponding strange hyperons with the same light quark numbers. Then, ignoring the Coulomb force although it is important in a realistic hypernucleus, we may expect that these heavy baryons with charm or bottom quarks, will also form some heavy baryon hypernuclei at this stage, as the strange hyperons do. (Recall that the repulsive, vector potentials are the same for the corresponding hyperons with the same light quark numbers.)
Calculations
In this section, we discuss parameters used in the calculations: spin-orbit force in the QMC model, the Pauli blocking effect at the quark level, and the effect of channel coupling, Σ c,b N − Λ c,b N. More detailed discussions may be found in Ref. [9] .
Spin-orbit force in the QMC model
The origin of the spin orbit force for a composite nucleon moving through scalar and vector fields which vary with position is explained in detail in Ref. [11] . For the Λ, Σ and Ξ cases are explained in Ref. [9] . Although the spin-orbit splittings for the nucleon calculated in QMC are already somewhat smaller [11, 12] , it was demonstrated that much smaller spin-orbit splittings were obtained for the Λ in QMC [9] . These will turn out to be even smaller for the heavy baryon hypernuclei.
In order to include the spin-orbit potential approximately, e.g., for the Λ + c , we add perturbatively the correction due to the vector potential, −
ω ω( r) l · s, to the singleparticle energies obtained with the Dirac equation, in the same way as that added for the strange hypernuclei [9] . This may correspond to a correct spin-orbit force which is calculated by the underlying quark model [9, 11] :
since the Dirac equation at the hadronic level solved in usual QHD-type models leads to:
which has the opposite sign for the vector potential, g
ω ω( r). The correction to the spin-orbit force in the QMC model, appears due to the structure of the baryon (finite size). This may also be modeled at the hadronic level of the Dirac equation by adding a tensor interaction, motivated by the quark model [41, 42] . In addition, one boson exchange model with underlying approximate SU(3) symmetry in strong interactions, also leads to a weaker spin-orbit forces for the (strange) hyperon-nucleon (Y N) than that for the nucleon-nucleon (NN) [43] .
In practice, because of its heavy mass (M
), contribution to the single-particle energies from the spin-orbit potential both with or without the inclusion of the correction term, turns out to be even smaller than that for the Λ hypernuclei, and further smaller for the Λ b hypernuclei [8] .
Contribution from the spin-orbit potential with the correction term is typically of order 0.01 MeV, and even the largest case is ≃ 0.5 MeV, among all the heavy baryon hypernuclei calculated in this study. This can be understood when one considers the limit, M ⋆ Λ + c → ∞ in Eq. (26) , where the quantity inside the square brackets varies smoothly from an order of hundred MeV to zero near the surface of the hypernucleus, and the derivative with respect to r is finite. The results for the other heavy baryon hypernuclei are quite similar, and spin-orbit forces give only tiny contributions for the single-particle energies. Thus, the spin-orbit splittings are expected to be small.
Effects of the Pauli blocking and channel coupling
Below, we briefly explain the effects of the Pauli blocking due to the quark structure, and the channel coupling [9] .
Although the present treatment is based on the underlying quark structure of the nucleon and heavy baryons, it is missing an explicit inclusion of the Pauli blocking effect at the quark level among the u and d quarks in the core nucleons and the heavy baryons. For the strange hypernuclei, the effect of the Pauli blocking was included in a specific way at the hadronic level. We follow the treatment of Ref. [9] , and include effective Pauli blocking and also the Σ c,b N − Λ c,b N channel coupling effects, although the channel coupling effect is expected to be smaller than that for the ΣN − ΛN, since the mass difference for the former is larger than the latter. Thus, the channel coupling effect that is included for the Σ c hypernuclei in the present study should be regarded as the limiting case.
Following Ref. [9] , we assume that the Pauli blocking effect is simply proportional to the nucleon baryonic density (or u and d total light quark number density), although one could consider a more complicated density dependence. Then, the Dirac equation for the heavy baryon C, Eq. (5), may be modified by
where, ρ B ( r) is the baryonic density at the position r in the heavy baryon hypernucleus due to the core nucleons, and λ C is a constant, taken the same value to that determined for the strange hyperon. We note that the Pauli blocking effect associated with the light quarks in the heavy baryon should also lead to some repulsion for the nucleons. Contrary to the comment made in Ref. [9] , the actual calculations in this study (and in Ref. [9] ) include the effect of the modification made in Eq. (28) in a self-consistent manner. In practice, the above modified Eq. (28) has been inserted again into a system of coupled differential equations for the spherical static (heavy baryon) hypernuclear system, from Eq. (4) to Eq. (18), and calculations are performed again. Thus, the response of the core nucleons due to the modification in Eq. (28) for the heavy baryon, is included. For the Λ hypernuclei [9] the parameter corresponding to λ C in Eq. (28) was chosen to reproduce the empirical single particle energy for the 1s 1/2 in 209 Λ Pb, -27.0 MeV [45] . The fitted value for the constant was, λ Λ = 60.25 MeV (fm) 3 . Thus, we use the same value also for the Λ c,b , i.e., λ Λ c,b = 60.25 MeV (fm)
3 . For the Σ c and Ξ c hypernuclei, we can deduce the constants λ Σc,Ξc , corresponding to the effective Pauli blocking effect as, λ Σc = λ Λc , and λ Ξc = One may regard that this fitted value includes also the attractive Λ c,b N → Σ c,b N channel coupling effect for the Λ c,b single-particle energies, since the value fitted for the Λ hypernuclei includes the experimentally observed effect of the ΛN → ΣN channel coupling. As for the Σ c N → Λ c N channel coupling effect, it must be included in addition to reproduce the relative repulsive energy shift in the single-particle energies for the Σ c hypernuclei, as was done for the Σ hypernuclei.
The ΣN − ΛN channel coupling was estimated using the Nijmegen potential in Ref. [9] . The effect for the Σ was included by assuming the same form as that for the effective Pauli blocking via λ Σ ρ B (r), and adjusted the parameter, λ Σ = λ Λ →λ Σ = λ Σ , to reproduce this difference in the single-particle energy for the 1s 1/2 in Σ 0 209 Pb, namely, −19.6 = −26.9(≃ −27.0)+ 7.3 MeV. The value obtained forλ Σ in this way was,λ Σ = 110.6 MeV (fm) 3 . Thus, we use the same value,λ Σc = 110.6 MeV (fm) 3 , although the effect is expected to be smaller considering the mass differences, m Σ − m Λ ≃ 77 MeV and m Σc − m Λ + c ≃ 166 MeV [37] . As for the ΞN − ΛΛ channel coupling the effect was estimated to be negligible in Ref. [9] , and we also neglect the effect of channel coupling on Ξ c in this study.
Results for heavy baryon hypernuclei
Before presenting the results, we summarize in Table 3 the parameters at the hadronic level fixed by the saturation properties of symmetric nuclear matter. Concerning the parameters for the σ field, we note that the properties of nuclear matter only fix the ratio, (g σ /m σ ), with a chosen value, m σ = 550 MeV. Keeping this ratio to be a constant, the value m σ = 418 MeV for finite nuclei (hypernuclei) is obtained by fitting the r.m.s. charge radius of 40 Ca to the experimental value, r ch ( 40 Ca) = 3.48 fm [12] . (See also Section 2.1 for the value of g σ in nuclear matter.) Tables 4 and 5 , we summarize the calculated single-particle energies for [8] , and [9] , respectively for comparison. In the calculation, we have searched for the single-particle states up to the same highest state as that of the core neutrons in each hypernucleus, since the deeper levels are usually easier to observe in experiment.
After a first look at the results shown in Tables 4 and 5 We discuss below in detail the Σ 0 c hypernuclei single-particle energies, which have a peculiar feature. In some of the hypernuclei calculated, the 1s 1/2 state could not be found in the following sense. We have searched for the 1s 1/2 state by varying matching point to get the eigenenergy and the corresponding eigen wave function for the Σ 0 c in steps 0.1 fm, from 0.2 fm to 5.0 fm from the center of the hypernucleus. However, always a proper level with lower energy than those of the 1p 1/2 , 1p 3/2 and 2s 1/2 states could not be found, although a smaller matching point than that for the 2s 1/2 state and the Dirac's κ = −1 necessary to obtain the correct 1s 1/2 wave function were input. In such a case, the single-particle energy level became equal or higher than that of the 2s 1/2 state, which is also above the levels of the 1p 1/2 and 1p 3/2 [8] , and [9] , respectively. Experimental data are taken from Ref. [44] . Spin-orbit splittings for the Λ hypernuclei are not well determined by the experiments. [8] , and [9] , respectively. Experimental data are taken from Ref. [45] . Spin-orbit splittings for the Λ hypernuclei are not well determined by the experiments. 
states. In the search procedure, we always checked that the core nucleon single-particle energy levels are in correct order. But, whenever we get the lower single-particle energy level for the 1s 1/2 state than those for the 1p 1/2 , 1p 3/2 and 2s 1/2 states, the core neutron 1s 1/2 energy level jumped to become equal or larger than that of the 2s 1/2 , and we discarded the results in such cases. In this manner, the 1s 1/2 state in Zr, giving incorrect-"1s 1/2 (?)" (notation used in the figures) and correct2s 1/2 states. "Pa.+CC." stands for potential for the effective Pauli blocking plus the channel coupling effects. By the terminology, incorrect-"1s 1/2 (?)" state, we mean by that the obtained solution is incorrect, since both the single-particle energy for the Σ 0 c and the core nucleon energy levels are incorrect. In this case, the obtained single-particle energies for the Σ 0 c are, -7.4 and -8.1 MeV, respectively for the "1s 1/2 (?)" and 2s 1/2 states. Looking at the potential strengths in Fig. 2 , the difference between the two states are only slight, and nearly indistinguishable. However, looking at the Σ 0 c baryon density (scaled by a factor 5) in Fig. 3 , it is clear that both solutions have a node, thus actually they are 2s 1/2 states. The Σ 0 c density distributions are very different, because the core nucleon density distributions (particularly around 3 fm from the center of the hypernucleus) are appreciably different due to the incorrect core nucleon single-particle energy levels. The main difference in the calculation of the Σ c hypernuclei from that of the Σ hypernuclei is the bare (effective) mass, where mass of the Σ c is much larger, and the wave function (if obtained) for the 1s 1/2 is expected to be localized considerably in the central region of each Σ c hypernucleus when the isospin dependent strong interaction and Coulomb forces are neglected. This may also be a consequence of an interplay between the isospin dependent force for the Σ (without the extra repulsion mainly due to the channel coupling) instead of 110.6 MeV (fm)
3 . For this case, we obtain the lowest s-state single-particle energy, −14.3 MeV. However, the wave function obtained has a node and corresponds to 2s 1/2 state. Thus, we believe that the results for the Σ On the other hand, recent experiment [46] suggests that a strongly repulsive Σ-nucleus potential with a non-zero size of the imaginary part is favorable to reproduce the measured spectra for middle and large baryon number nuclei. If we wish to be consistent with this result, we need to introduce even stronger repulsive channel coupling effect for the treatments of both the Σ and Σ c hypernuclei. In this case, the channel coupling effect should be strong enough that it entails no bound state for the Σ hypernuclei (and probably also for the Σ c hypernuclei) in the middle and large baryon number nuclei, which are considered in the study of strange hypernuclei [9] as well as in the present study. This will need a more elaborate investigation in future, using further accumulated experimental data and analyses. and Σ c as they are true for the Λ and Σ. As in the limit of nuclear matter in Section 2.2, the scalar and vector potentials for the heavy baryons are also quite similar to the strange hyperons with the same light quark numbers in the corresponding hypernuclei. This feature also holds between the Σ c and Σ in the corresponding hypernuclei, except for a contributions due to the differences in charges, where the Coulomb force affects the baryon density distributions and then the vector and scalar potentials are also slightly modified. Thus, as far as the total baryon density distributions and the scalar and vector potentials are concerned, among/between the members within each multiplet, (Λ, Λ + c , Λ b ), (Σ, Σ c ) and (Ξ, Ξ c ) hypernuclei, they show quite similar features. However, in realistic nuclei, the Coulomb force plays a crucial role as mentioned before, and the single-particle energies thus obtained show very different features within each hypernuclei multiplet. Of course, the mass differences within the multiplet is also the dominant source for the differences in the obtained single-particle energies.
The probability density distributions for the heavy baryons for the 1s 1/2 state, in Table 6 the calculated binding energy per baryon, −E/A, r.m.s charge radius, r ch , and r.m.s radii of the heavy baryon (also Λ), neutron and proton distributions, r j , r n and r p , respectively. The results listed in Table 6 are calculated with the 1s 1/2 heavy baryon configuration for all cases. At a first glance, it is very clear that the r.m.s radius for the Λ b is very small compared to those for other baryons within the same baryon number hypernuclei as one would expect, due to heavy mass. On the other hand, r ch and/or r p for the Λ b hypernuclei are usually the largest in the all hypernuclei calculated. This means that the protons in the core nucleus are much more pushed away compared to the other hypernuclei, although such feature is not seen for r n . The radii, r ch , r n and r p , are more or less similar for all heavy baryon hypernuclei and Λ hypernuclei within the same baryon number multiplet, reflecting the fact that the effect of the embedded baryon on these quantities are of order,
. As for Table 6 : Binding energy per baryon, −E/A (in MeV), r.m.s charge radius, r ch , and r.m.s radii of the Λ and heavy baryons, r j , neutron, r n , and proton, r p (in fm) for the binding energy per baryon, the energy of Λ b hypernuclei is usually the largest among the same baryon number hypernuclei. One of the largest contributions for this is the single-particle energy of the 1s 1/2 state, even after dividing by the total baryon number.
Summary and discussion
In summary, we have completed systematic studies of the Λ + c , Σ c , Ξ c and Λ b hypernuclei in the QMC model, extending the study made for strange hypernuclei [9] . The spin-orbit potentials for the heavy baryon hypernuclei are negligible for the single-particle energies, because of their heavy masses. Our results suggest that the formation of Λ For the Σ c and Ξ c hypernuclei, the Coulomb force is crucial in the possibility to form the hypernuclei, in particular for the Σ +,++ c hypernuclei. The results for the Σ c hypernuclei imply that the phenomenologically introduced channel coupling effects may be overestimated when using the same strength as that for the Σ hypernuclei. Thus, we need to investigate further how such effects can be included consistently with the underlying quark structure. In this sense, some of the results for the Σ c hypernuclei need to be taken with caution.
Although there can be numerous speculations on the implications of the present results we would like to emphasize that our calculations indicate that the Λ and Ξ + c hypernuclei will be formed. Experiments at facilities like JHF would provide quantitative input to gain a better understanding of the interactions of heavy baryons with nuclear matter. Experiments at colliders such as RHIC, LHC and Fermilab could provide additional data to establish the formation and decay of such heavy baryon hypernuclei. A combination of these data inputs and a careful analysis, with the present calculations being considered as a first step, would give a valuable information about the physical implications for the presence of heavy quarks in finite nuclei or dense nuclear matter. Furthermore, the experiments would indicate certainly the shortcomings of the QMC model and in addition would provide a guide to a proper and consistent model to treat baryons with heavy quarks in finite nuclei or nuclear matter. Eventually we hope that these results can have important implications for studies in astrophysics of neutron stars and nuclear matter at very high densities.
As for the other aspects of interests for the properties of heavy baryons in nuclear medium, additional studies are needed to investigate the semi-leptonic weak decay of Λ + c , Σ c , Ξ c and Λ b hyperons in nuclear medium. The role of Pauli blocking and density in influencing the decay rates as compared to the free heavy baryons would be highly desirable. Such studies can provide important information on the hadronization of the quark-gluon plasma and the transport of hadrons in nuclear matter at high density. Will the high density lead to a slower decay and a higher probability to survive its passage through the material ? At present the study of the presence of heavy baryons in finite nuclei and/or nuclear matter is in its infancy. Careful investigations, both theoretical and experimental, would lead to a much better understanding of the properties of heavy quarks and/or heavy baryons in finite nuclei and nuclear matter. 
